























Biogeochemical behavior of colloidal organic phosphorus in 






 指导教师姓名：蔡毅华 副教授 
专  业  名  称：海  洋  化  学 
论文提交日期：2013 年 6 月  





































































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






                             声明人（签名）： 

















摘要 ......................................................................................................................... I 
Abstract .................................................................................................... III 
第一章 绪论 ............................................................................................................... 1 
1.1 海洋磷循环.................................................................................................. 1 
1.1.1磷在生物地球化学循环中的重要性 .................................................. 1 
1.1.2 河口区和近岸区的磷循环 .................................................................. 1 
1.1.3磷的化学形态 ...................................................................................... 4 
1.2 胶体磷研究进展.......................................................................................... 5 
1.2.1 胶体的重要性...................................................................................... 5 
1.2.2胶体磷的分离、提取方法 .................................................................. 5 
1.2.3河水和海水中胶体磷的含量 .............................................................. 7 
1.2.4 胶体有机磷的生物可利用性 .............................................................. 9 
1.3 研究目的和意义 ........................................................................................ 10 
第二章 超滤膜孔径的校准 ................................................................................. 12 
2.1 实验材料与方法 ........................................................................................ 12 
2.1.1 超滤系统 ............................................................................................ 12 
2.1.2 超滤实验 ............................................................................................ 13 
2.1.3 现场样品采集 .................................................................................... 14 
2.1.4 KH2PO4、DOC及其他标准物质的测定 ......................................... 14 
2.1.5超滤渗透模型和传统胶体浓度计算方法 ........................................ 14 
2.2 结果与讨论 ................................................................................................ 15 
2.2.1质量平衡 ............................................................................................ 15 
2.2.2已知孔径标准物质的截留特性 ........................................................ 18 
2.2.3标准物质的渗透模型 ........................................................................ 19 
2.2.4天然海水中 DOC的超滤行为 .......................................................... 21 
2.2.5国内外河水和海水中胶体有机碳丰度研究报道 ............................ 24 
2.3 小结 ............................................................................................................ 26 
















3.1 样品采集与分析 ........................................................................................ 30 
3.1.1样品采集 ............................................................................................ 30 
3.1.2 超滤收集胶体态磷 ............................................................................ 36 
3.1.3 有机碳、无机磷和有机磷的测定 .................................................... 36 
3.1.4 胶体有机碳、胶体无机磷和胶体有机磷含量的计算 .................... 37 
3.1.5 径流量资料的收集与处理 ................................................................ 38 
3.2 结果与讨论 ................................................................................................ 38 
3.2.1九龙江径流量 .................................................................................... 38 
3.2.2九龙江河口溶解有机碳、溶解无机磷、溶解有机磷、颗粒无机磷
和颗粒有机磷的含量与分布 ................................................................... 38 
3.2.3胶体丰度的计算方法 ........................................................................ 47 
3.2.4 九龙江河口胶体磷的的含量与混合行为 ........................................ 48 
3.2.5 溶解态、胶体态有机碳与有机磷比值及胶体分馏系数随盐度的变
化 ............................................................................................................ 62 
3.3 小结 ............................................................................................................ 65 
第四章 台湾海峡胶体磷的含量与分布 .......................................................... 67 
4.1 样品采集与分析 ........................................................................................ 69 
4.1.1样品采集 ............................................................................................ 69 
4.1.2 超滤实验 ............................................................................................ 69 
4.1.3 有机碳、无机磷和有机磷的测定 .................................................... 73 
4.1.4 胶体有机碳、胶体无机磷和胶体有机磷含量的计算 .................... 73 
4.2 结果与讨论 ................................................................................................ 74 
4.2.1 水文特征 ............................................................................................ 74 
4.2.2 夏季台湾海峡溶解有机碳、溶解无机磷、溶解有机磷的含量与分
布 ............................................................................................................ 78 
4.2.3台湾海峡胶体有机碳和胶体磷的超滤渗透模型 ............................ 83 
4.2.4 台湾海峡胶体磷的含量与分布 ........................................................ 88 
4.2.5 台湾海峡溶解态、胶体态有机碳与有机磷比值及胶体分馏系数的
分布 ........................................................................................................... 94 
















4.3 小结 .......................................................................................................... 100 
第五章 结论与展望 ............................................................................................. 101 
5.1 主要结论 .................................................................................................. 101 
5.2 存在的不足与展望 .................................................................................. 102 
参考文献 ................................................................................................................. 104 
附录：攻读硕士学位期间的科研状况 ......................................................... 123 

















Abstract in Chinese ................................................................................................. I 
Abstract in English ............................................................................................... III 
Chapter 1 Introduction ......................................................................................... 1 
1.1 Marine phosphorus cycle ........................................................................... 1 
1.1.1 Importance of phosphorus in biogeochemical cycle ............................ 1 
1.1.2 The phosphorus cycle in estuary and costal ocean ............................... 1 
1.1.3 Chemical speciation of phosphorus ...................................................... 4 
1.2 Progress of colloidal phosphorus research ............................................... 5 
1.2.1 Importance of colloid ........................................................................... 5 
1.2.2 Extraction and isolation of colloidal phosphorus ................................. 5 
1.2.3 The concentration of colloidal phosphorus in river and ocean ............. 7 
1.2.4 The bioavailability of colloidal organic phosphorus ............................ 9 
1.3 Objectives of this thesis ............................................................................ 10 
Chapter 2 The calibration of ultrafiltration membrane ......................... 12 
2.1 Materials and methods ............................................................................ 12 
2.1.1 Ultrafiltration system .......................................................................... 12 
2.1.2 Ultrafiltration experiment ................................................................... 13 
2.1.3 Sampling ............................................................................................. 14 
2.1.4 Measurements of KH2PO4, DOC and molecular probes .................... 14 
2.1.5 Ultrafiltration permeation model and apparent colloidal concentration 
 ............................................................................................................ 14 
2.2 Results and discussion ............................................................................. 15 
2.2.1 Mass balance ...................................................................................... 15 
2.2.2 The retention characteristics of the known NMW molecular............. 18 
2.2.3 Ultrafiltration behavior of the molecular probes ................................ 19 
2.2.4 The ultrafiltration behavior of DOC in the natural seawater .............. 21 
2.2.5 A comparison of colloidal organic carbon in marine environments ... 24 
2.3 Conclusions ............................................................................................... 26 
Chapter 3 Concentration and mixing behavior of colloidal 
phosphorus in Jiulong River estuary ............................................................. 27 
















3.1.1 Sampling ............................................................................................. 30 
3.1.2 Ultrafiltration for collecting colloidal phosphorus ............................. 36 
3.1.3 Measurements of DOC, DIP, DOP ..................................................... 36 
3.1.4 Calculation of colloidal organic carbon, colloidal inorganic 
phosphorus and colloidal organic phosphorus .......................................... 37 
3.1.5 Water discharge from Jiulong River ................................................... 38 
3.2 Results and discussion ............................................................................. 38 
3.2.1 Hydrological conditions during investigation period ......................... 38 
3.2.2 Concentration and distirbution of DOC, DIP, DOP, PIP and POP in 
Jiulong River esturay ................................................................................ 38 
3.2.3 Quantification of colloid abundance .................................................. 47 
3.2.4 Concentration and mixing behavior of colloidal phosphorus in Jiulong 
River estuary ............................................................................................. 48 
3.2.5 C/P ratio in dissolved organic matter and colloidal organic matter and 
variation of the fraction factor .................................................................. 62 
3.3 Conclusions ............................................................................................... 65 
Chapter 4 Concentration and distribution of colloidal phosphorus in 
Taiwan Strait .......................................................................................................... 67 
4.1 Sampling and analysis ............................................................................. 69 
4.1.1 Sampling ............................................................................................. 69 
4.1.2 Ultrafiltration for collecting colloidal phosphorus ............................. 69 
4.1.3 Measurements of DOC, DIP, DOP ..................................................... 73 
4.1.4 Calculation of colloidal organic carbon, colloidal inorganic 
phosphorus and colloidal organic phosphorus .......................................... 73 
4.2 Results and discussion ............................................................................. 74 
4.2.1 Hydrological characteristics ............................................................... 74 
4.2.2 Concentration and distribution of DOC, DIP, DOP in Taiwan Strait in 
summer ...................................................................................................... 78 
4.2.3 Ultrafiltration permeation model of colloidal organic carbon and 
colloidal organic phosphorus in Taiwan Strait .......................................... 83 
4.2.4 Concentration and distribution of colloidal phosphorus in Taiwan 
Strait .......................................................................................................... 88 
















variation of the fraction factor .................................................................. 94 
4.2.6 Biogeochemical cycle concept map of colloidal organic phosphorus in 
Taiwan Strait ............................................................................................. 99 
4.3 Conclutions ............................................................................................. 100 
Chapter 5 Conclutions and outlook ............................................................. 101 
5.1 Main conclutions .................................................................................... 101 
5.2 Outlook .................................................................................................... 102 
References .............................................................................................................. 104 
Appendix ................................................................................................................ 123 






















对 Millipore 超滤系统及超滤膜（Pellicon 2 regenerated cellulose membrane, 
Millipore）进行系统校正，通过一系列已知分子量的标准物质对超滤膜包的孔
径进行重新刻度，根据不同标准物质的截留系数的变化，本研究中所使用的超




利用上述建立的超滤实验流程，进行了九龙江口 2010 年 7 月丰水季和





端 DOM具有较高的 C/P比值，而 COM中较低的 C/P比值则反映了新鲜的生物
生产来源；两者之间的分馏反映了河口区 DOM 的多源性及成岩状态的复杂
性。 
本研究还调查了 2010 年及 2011 年夏季台湾海峡胶体磷的含量与分布。结
果表明，台湾海峡中溶解态无机磷含量很低，反映了台湾海峡的磷限制条件，
其主要存在于真溶解态中，其分子量小于 10 kDa；台湾海峡内 COP%与 COC%
有显著的相关性，体现二者在生物地球化学上的紧密联系；2010 年夏季台湾海
峡 C10 剖面中，COP%与 COC%变化一致，在叶绿素最大值层出现最大值，表










































Phosphorus is an essential nutrient for organism growth. Colloids are defined 
in size between truly dissolved and particulate phases and the bioavailability of 
colloidal organic phosphorus has been proved to play a significant role in the 
biogeochemical cycle of phosphorus in estuary and coastal ocean. In this study, 
laboratory simulation experiments and field research were conducted to obtain the 
concentration and distribution of colloidal organic phosphorus in the Jiulong River 
estuary and Taiwan Strait, and to further explore the biogeochemical behavior of 
colloidal organic phosphorus. 
The performance and integrity of a cassette cross-flow ultrafilter (Pellicon 2, 
Millipore) were examined with a suite of macromolecules at different molecular 
weights. Based on variation of retention coefficient, the real molecular weight cutoff 
for the ultrafiltration membrane was rated at 10 kDa, which is 10 times that rated by 
the manufacturer (1 kDa). The consistency between the colloidal organic carbon 
abundance in the Jiulong River estuary and Pearl River and published data supported 
our laboratory calibration result (10 kDa) and validate of the experimental and 
quantification procedure adopted in this study. 
Ultrafiltration procedure established above was used for water samples 
collected from the Jiulong River esturaty in July 2010, April 2011 and March 2012. 
Ultrafiltration permeation model was used for the quantification of the concentration 
and abundance of colloidal phosphorus in the Jiulong River Estuary. The mixing 
behavior of collodial phosphorus in the Jiulong River estuary was further examined 
under different river discharge condition. The results showed that colloid in the 
Jiulong River estuary was quickly removed from water column by flocculation in the 
low salinity regions (salinity<5), while colloidal organic matter in high salinity region  
was mostly derived from in situ production of phytoplankton. The concentration and 
abundance of COP in the Jiulong River estuary were higher in wet season than dry 
season. C/P ratio of DOM in the Jiulong River estuary was higher in the low salinity 
region than high salinity region.  C/P ratio of COM was lower than that of DOM, 
suggesting the contribution of COM from biological production. The fractionation of 
C/P ratio between DOM and COM reflected the the diagenetic state complexity and 
diverse source of DOM in the Jiulong River estuary. 
















were investigated during 2010 and 2011 summers. The average concentration of 
dissolved inorganic phosphorus was lower than 60 nM, reflecting the phosphorus 
limitation in the Taiwan Strait. Dissolved inorganic phosphorus in the Taiwan Strait 
was overwhelmingly partitioned in truly dissolved phase, whose molecular weight 
was lower than 10 kDa. There existed a significant correlationship between COP% 
and COC% in the Taiwan Strait, indicating the close connection of their 
biogeochemistry. During 2010 summer, COP% in the Station C10 showed maximum 
in the subsurface, which coincided with chlorophyll a maximum and suggested 
contribution of in site phytoplankton production. The C/P ratio of colloidal organic 
matter during 2010 and 2011 summers in the Taiwan Strait was closed to Redfield 
ratio, demonstrating the major source input of autochthonous production by 
phytoplankton. The C/P ratio in truly dissolved organic matter was higher than in 
collodial organic matter, suggesting the degradation pathway of organic matter largely 
from colloidal or high molecular weight phase to low molecular weight phase. The 
fractionation between C/P ratios of colloidal organic matter and dissolved organic 
matter (FC/D) reflected the contribution of marine dominated sources and rapid 
turnover of dissolved organic matter in the Taiwan Strait. 
The results of this study provided an important parameter for the better 
understanding of the phosphorus cycle in the Taiwan Strait and its adjacent estuaries. 
This study also provide reliable methodology for the investigation of colloidal organic 
phosphorus biogeochemistry in Chinese marginal seas, which is a key component of 
the oceanic phosporus biogeochemical cycling.   
 
Keywords: colloidal phosphorus; crossflow ultrafiltration; Jiulong River estuary; 




















新陈代谢及基因遗传等方面都起着重要的作用（Bridger and Henderson, 1983; 















（Berner and Rao, 1994; Mayer et al., 1998; 杨逸萍等, 1998），已有研究采用不同
模型定量描述磷从河流输入到海洋的动力学过程（Harrison et al., 2005; 






















图 1.1 全球磷循环（取自 Ruttenberg, 2003） 
Fig.1.1 The global phosphorus cycle (from Ruttenberg, 2003) 
 
表现为非保守行为，在河海水混合过程中表现为添加或者迁出，有时在相同河
口的不同季节混合行为也有所不同（Burton, 1976; Sholkovitz, 1976; Krom and 
Berner, 1981; Wollast, 1983; Froelich, 1988; Monaghan and Ruttenberg, 1999; Borges 
et al., 2005; Rinker and Powell, 2006; van der Zee et al., 2007; Sharp et al., 2009; 
Mort et al., 2010）。 
近岸海区磷储库的主要来源是河流输送的溶解态和颗粒态的磷（Benitez-
Nelson, 2000），在特定海区，地下水输入及大气沉降也可能是近岸海区磷的重
要来源（Migon and Sandroni, 1999; Slomp and Van Cappellen, 2004; Johnson et al., 
2008）。同时人类活动，如水产养殖等，以及沉积物再悬浮也是近岸海区磷的重
要来源（Jahnke, 1992; Wu, 1995; Slomp et al., 1998; Colman and Holland, 2000; 
Naylor et al., 2000; Ruttenberg, 2003; Bouwman et al., 2011）。海流与气候因素则























用（Bennett et al., 2001; Cordell et al., 2009）和含磷废水的直接排放（Van Drecht 
et al., 2009），磷和其他营养盐入海通量的剧增，已经影响到了近岸营养盐的循
环模式（Rabalais et al., 2002），这可能导致近岸海区的藻类水华的爆发
（Anderson et al., 2002）和河口及近岸底部缺氧水体的形成（Diaz and 
Rosenberg, 2008）。同时气候变暖使水柱中跃层变厚和氧气溶解度降低，将可能
导致河口及近岸底部缺氧水体的扩大（Diaz and Rosenberg, 2008）。 
当海水中的溶解无机磷耗尽时，海洋浮游植物可以通过分泌各种酶降解海
水中的溶解有机磷后进行利用（Ammerman and Azam, 1985; Björkman and Karl, 
1994; Kolowith et al., 2001; Stihl et al., 2001; Rinker and Powell, 2006）。32P和 33P
的示踪研究表明，溶解有机磷是海洋生命体的一个重要的潜在磷源，其循环速
率在几周到几个月之间（Benitez-Nelson and Karl, 2002）。近岸海区中，水柱中
的自生磷大部分随大颗粒物沉降（Faul et al., 2005; Paytan and McLaughlin, 
2007），成为河口和近岸海区中磷的主要迁出过程（Ruttenberg, 1993; Filippelli, 
2001;  Mort et al., 2010），海洋鱼类的捕获同样造成磷的迁出（Slomp and Van 
Cappellen, 2007）。 
在一些海洋和河口环境，磷经常被认为是水生环境中初级生产力的主要限
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